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ABSTRACT 
Zinc oxide (ZnO), a naturally n-type semiconductor has been identified as a 
promising candidate to replace indium tin oxide (ITO) as the transparent electrode in 
solar cells, because of its wide bandgap (3.37 eV), abundant source materials and suitable 
refractive index (2.0 at 600 nm). Spray deposition is a convenient and low cost technique 
for large area and uniform deposition of semiconductor thin films. In particular, it 
provides an easier way to dope the film by simply adding the dopant precursor into the 
starting solution. In order to reduce the resistivity of undoped ZnO, many works have 
been done by doping in the ZnO with either group ⅢA elements or ⅦA elements using 
spray pyrolysis. However, the resistivity is still too high to meet TCO’s resistivity 
requirement. 
In the present work, a novel co-spray deposition technique is developed to bypass a 
fundamental limitation in the conventional spray deposition technique, i.e. the deposition 
of metal oxides from incompatible precursors in the starting solution. With this technique, 
ZnO films codoped with one cationic dopant, Al, Cr, or Fe, and an anionic dopant, F, 
have been successfully synthesized, in which F is incompatible with all these three 
cationic dopants. Two starting solutions were prepared and co-sprayed through two 
separate spray heads. One solution contained only the F precursor, NH4F. The second 
solution contained the Zn and one cationic dopant precursors, Zn(O2CCH3)2 and AlCl3, 
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CrCl3, or FeCl3. The deposition was carried out at 500°C on soda-lime glass in air. 
Compared to singly-doped ZnO thin films, codoped ZnO samples showed better 
electrical properties. Besides, a minimum sheet resistance, 55.4 /□, was obtained for Al 
and F codoped ZnO films after vacuum annealing at 400°C, which was lower than 
singly-doped ZnO with either Al or F. The transmittance for the Al and F codoped ZnO 
samples was above 90% in the visible range. This co-spray deposition technique provides 
a simple and cost-effective way to synthesize metal oxides from incompatible precursors 
with improved properties. 
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1. INTRODUCTION 
Transparent conducting oxides (TCOs) are large band gap (2.7 eV-4.6 eV) 
semiconducting oxides, which usually exhibit high electrical conductivity (10
2
-10
4
 S/m) 
and optical transmittance (in visible region). The first TCO material was reported as early 
as in 1907, when a sputtered film of cadmium metal experienced incomplete thermal 
oxidation upon post-deposition heating in air [1]. The technological interests in the TCO 
materials after then were attracted due to their widely potential applications in both 
industry and research. With the development of the TCO industry during the last decade, 
TCO thin films have been widely used in solar cells [2], gas sensors [3], flat panel 
displays [4], transparent thin films transistors [5], semiconductor lasers [6], and light 
emitting devices [7]. 
Nearly all the photovoltaic technologies, including second generation thin film solar 
cells and third generation organic solar cells, employ TCOs as an integral part of the basic 
cell structure. Working as the electrical contact and optical window in solar cells, TCOs 
are expected to provide both a low-resistance electrical connection and optical access. 
Besides, these two most important figures of merit for TCOs should be considered 
together with working function, band alignment, environmental stability and materials 
compatibility. For photovoltaic applications, the choice of TCO is also driven by the 
availability of the raw materials and the cost of the synthesis methods.  
1.1 TCOs in General 
  2 
 
TCOs are metal oxide semiconductors with fundamental large bandgap of 3 eV or 
more. For technological applications, TCOs should also have low electrical resistivity of 
~10
-4
 cm or less and high transmittance of ~80% in the spectral range of interest to 
solar cells from 350 nm to 1200 nm.  
As is known, undoped oxides with such a large bandgap are insulators at room 
temperature, so a source of electron donors is required to make these oxides conducting 
which will increase the free carrier density to move the Fermi level into the conduction 
band. One kind of electron-donor sources is native stoichiometric point defects, such as 
metallic interstitials and oxygen vacancies, which produce shallow donor or impurity 
states close to the conduction band. These donors have already been thermal ionized at 
room temperature, which donate electrons to the host conduction band. The other is 
extrinsic dopants, either cation, like Sn
4+
 substituting In
3+ 
in In2O3, or anion, like F
-
 
substituting O
2-
 in SnO2, which substitute the original atoms in the lattice. These ionized 
impurities, including native point defects and extrinsic dopants, will reduce the carrier 
mobility leading to a tradeoff between the carrier mobility and the resistivity of the TCO 
materials. At high carrier concentration, carrier mobility is determined by ionized 
impurity scattering. When further increasing the doping concentration, carrier mobility 
will decrease to some point that the resistivity is not decreased while the optical 
transmittance is decreased at the near infrared (IR) edge. In other words, with the increase 
of the doping concentration, the resistivity of the TCO material continually decrease to a 
lowest point, and beyond that point it will no long decrease where transmittance of the 
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TCO becomes lower. It was found that the carrier mobility of tin-doped indium oxide 
(ITO), SnO2 and ZnO was limited by ionized impurity at high carrier concentration 
[8-10]. Almost every developed TCO has such limitation that mobility is reduced by the 
scattering effect of the ionized dopants. Moreover, high doping concentration could also 
result in the cluster of dopant ions which leads to high scattering rate [11]. 
Regarding to the optical properties, transmittance, reflectance, and absorbance of the 
TCO material, are mainly determined by its bandgap, refraction index, extinction 
coefficient, and geometry. Among them, transmittance, reflectance and absorbance are 
intrinsic optical properties which depend only on the composition and structure of the 
TCO material. And geometry, including film thickness, uniformity, and surface roughness, 
is extrinsic optical property. TCOs used for photovoltaic must transmit freely across the 
solar spectrum. In one hand, the transmittance in the near ultraviolet (UV) is determined 
by the fundamental bandgap of the material, as photons with energy larger than the 
bandgap are absorbed. On the other hand, the transmittance edge in the near IR region is 
mainly due to the free carrier plasma frequency. It is believed that these two important 
optical properties of TCOs are related to the carrier density and mobility which has been 
demonstrated for ITO [12]. As is discussed above, the bandgap of the TCO must be larger 
than 3 eV to ensure the transmission occurs up to near UV wavelength without exciting 
electrons from valence band to conduction band; besides, the free carrier plasma 
frequency of the TCO material needs to lie in the near IR or longer wavelength. When 
increasing the carrier density, the resistivity decreases accordingly which also results in 
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shifting the IR absorption edge toward visible region. Meanwhile, the UV absorption 
edge will shift to shorter wavelength with the increase of the carrier density, due to the 
bandgap increasing with the carrier density. In addition to factors mentioned above, the 
width of the optical window of the TCO film deposited on the substrate is also affected 
by the optical properties of the substrate, such as refractive index, extinction coefficient, 
and etc.  
Table 1 TCOs Applied in Photovoltaic Devices. 
Cell Type TCOs Requirements 
Amorphous Si [14] SnO2, ITO, ZnO Temperature stability, 
chemical stability, 
appropriate texture 
Copper Indium  
Gallium Selenide  
(CIGS) [15] 
ZnO Interfacial stability to CdS, 
low-temperature 
deposition, resistance to 
diffusion and shorting, 
formation or improvement  
of junction 
 
Cadmium Telluride 
(CdTe) [16] 
 
SnO2 Interface stability, 
diffusion barrier 
Heterojunction 
with Intrisic 
Thin Layer (HIT) 
[17] 
 
ITO Small roughness, very 
good conductivity, light 
trapping 
Nano-hybrid 
Polymer [18-20] 
 
SnO2, TiO2, ZnO Interfacial stability, 
work-function matching 
Dye-sensitized [21] TiO2 High electron mobility 
1.2 N-Type TCO Materials 
Since the first TCO, cadmiums oxide, was reported in 1907, more and more efforts 
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have been made on developing new TCO materials to meet the requirements of specific 
application, as shown in Table 1. Nowadays, three kinds of oxides, In2O3, SnO2 as well as 
ZnO, and their alloys are considered as the most important TCO materials. Electrical 
resistivity of these oxides can be improved with controlled doping techniques without 
degrading their optical transmittance. Although most of TCO materials used in practice 
are n-type semiconductors, many works have been on the preparation of p-type TCOs 
since the first p-type NiO thin films was reported in 1993 [13]. 
1.2.1 Indium-Based TCO Materials 
The most widely used for display applications are indium-based TCO materials, 
including: crystalline ITO (c-ITO) [22], amorphous ITO (a-ITO) [23], and amorphous 
IZO (a-IZO) [24]. And the most common technique for indium-based TCOs is direct 
current (DC) magnetron sputtering or radio frequency (RF) magnetron sputtering. 
Commercial ITO is deposited from an In2O3 target containing 3-10 wt% SnO2 by 
sputtering while for IZO the In2O3 target containing 7-10 wt% ZnO. The current c-ITO 
materials are always deposited on substrates which are heated to 250-350℃. And the 
general resistivity is at the order of 10
-4
 Ω·cm. For both of a-ITO and a-IZO, they can be 
synthesized at room temperature. Although the electrical transport properties of a-ITO 
and a-IZO are not as good as c-ITO material, they can give a better lithographic line 
definition because of the unique characteristics of amorphous structure which makes 
wet-etch more controllable. In addition, a-IZO material with low resistivity can be 
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obtained at or near zero oxygen partial pressure by sputtering. 
Besides DC and RF magnetron sputtering, ITO thin films are also deposited with ion 
assisted plasma evaporation [25], electron beam evaporation [26-28], pulsed direct 
current magnetron sputtering [29], thermal evaporation [30], and pulsed laser deposition 
[31-34]. The electrical, optical and structural properties of ITO materials were also 
investigated [35-38]. 
1.2.2 Tin-Based TCO Materials 
SnO2, doped with F or Sb, is considered as an important TCO material which is 
widely used for energy-efficient windows in architectural applications. It is also attracted 
more attention for PV applications, especially for HIT cells and amorphous Si cells. The 
most advantage of SnO2 material is laid on its inexpensive processing. Rather than using 
vapor-phase technique, SnO2 can be easily deposited using chemical solution-based 
methods such as pray pyrolysis from the chlorides or from organometallic precursors. 
When an O
2-
 ion is replaced by an F
-
 ion in the SnO2 lattice, a donor level is produced 
which increases the carrier electron mobility and decreases the resistivity [39]. However, 
there exists an upper limit of the dopant concentration, the resistivity of SnO2:F will 
decrease due to the carrier scattering by F when dopant concentration increases further 
beyond the limit [40]. The resistivity of F doped SnO2 deposited from SnCl2 precursor 
solution can reach to the order of 10
-4
 Ω·cm [41]. Regarding to SnO2:Sb thin film, Sb
5+
 
ions initially act as donors which substitute Sn
4+
 in the lattice. But similar as SnO2:F, the 
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resistivity of the SnO2:Sb film increases when the doping concentration increases beyond 
a certain level [40]. 
Resistivity of tin-based TCO material is not as good for ITO and the deposition 
temperatures are higher, which limit their potential in photovoltaic applications. 
1.2.3 Zinc-Based TCO Materials 
Although ITO deposited by magnetron sputtering are widely used as transparent 
electrodes today, the scarcity and high price of In make it necessary to find alternative 
TCOs for industrial applications. Zinc-based TCOs have attracted more significant 
attention due to their low cost, excellent optical properties, high chemical and thermal 
stability. As undoped ZnO is highly resistive, various impurities are doped in ZnO film, 
such as B [42, 43], Al, Ga, In (group III) [44], F (group VII) [45], and so on. Among them, 
low resistivity and high carrier concentration have only been obtained in Al doped ZnO 
(AZO) and Ga doped ZnO (GZO). The resistivity as low as 8.5×10
-5
 Ω·cm was reported 
for AZO which was synthesized by pulsed laser deposition (PLD) [46]. And an even 
lower resistivity, 8.1×10
-5
 Ω·cm was reported for GZO which was also fabricated by PLD 
method [47]. Generally, deposition techniques and conditions play an essential role in 
determination of electrical properties of TCO materials. The resistivity of AZO and GZO 
films has been achieved to the order of 10
-5
 Ω·cm which is comparable to the lowest 
value -- 7.2×10
-5
 Ω·cm of ITO material [48]. However, large area deposition of AZO with 
high deposition rates is still a challenge for PLD method. 
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1.3 P-Type TCO Materials 
As is discussed above, most of the TCO materials are n-type semiconductors and 
p-type TCO films have been shown to be technologically more difficult to deposit than 
n-type. But with the development of the optoelectronic devices, p-type TCO materials are 
required.  
1.3.1 Copper-Based TCO Materials 
The first p-type TCO material was made from CuAlO2 by Kawazoe in 1997 [49]. 
Prior to this, a semi-transparent p-type TCO with a transmittance of ~40% in visible 
range was reported in 1993 [13]. It is believed that the difficulty in the deposition of 
p-type TCOs lies in the strong localization of holes at oxygen 2p levels or the ionicity of 
the metallic atoms. The location of oxygen 2p levels are far lower than that of valence 
orbit of metallic atoms which results in the formation of a deep acceptor level with the 
holes. Thus, high energy is required for holes to overcome a large barrier height and 
migrate within the crystal lattice. That is one possible reason why both hole-mobility and 
conductivity are not good [50, 51]. Accordingly, one way for p-type TCOs deposition has 
been reported which is based on the conception of Chemical Modulation of the Valence 
Band where the oxide composition and structure are expected to delocalize the holes in 
the valence band. Several p-type TCOs have been successfully synthesized then, like 
CuMO2 and AgMO2 where M is a trivalent ion [52-60]. However, these p-type TCOs 
have relatively lower conductivities which are in the order of 1 S/cm and lower 
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transmittance, less than 80%.  
1.3.2 Zinc-Based TCO Materials 
Growing p-type ZnO is an essential research for transparent electronics. That is 
because p-type ZnO is a key structure which allows the fabrication of wide band gap p-n 
homo-junctions. Hence, a lot of work has been done so far and many dopants, such as N, 
P, Sb, and As, have been tried to dope into ZnO which are expected to bring higher 
conductivity and optical transmission [61-66]. However, some serious limitations exist 
during the doping process [67, 68]. Later on, co-doping in ZnO with donor-acceptor 
dopants is proposed [69]. The first principle calculations are applied when ZnO is doped 
simultaneously with an acceptor (N) and a donor (Ga), where the acceptor concentration 
ratio of acceptor to donor is 2 [70]. Although the optical transmittance is greater than 
85%, the conductivity is still quite low, around 1 S/cm. Besides, p-type ZnO:Sb is also 
deposited with a filtered vacuum arc equipped with a Zn cathode doped by Sb [71]. The 
conductivity of ZnO:Sb is about 0.5 S/cm, the mobility is 9-20 cm
2
/Vs, the hole density is 
4×10
16
 cm
-3
, and the transmission is around 85%. Therefore, the deposition of p-type 
TCO materials with low resistivity is still a big challenge. 
1.4 TCO Materials in Photovoltaic Applications 
1.4.1 Silicon-Based Solar Cells 
Silicon-based cells include HIT solar cell, crystalline/amorphous Si solar cell. The 
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HIT solar cell consists of a textured n-type c-Si wafer sandwiched between p/i a-Si:H 
film on the front side and i/n a-Si:H film on the backside, as shown in Figure 1. TCO 
layers are deposited on both sides of a-Si films by sputtering methods. A silver metallic 
collection grid is synthesized on TCO layer on both sides. This structural solar cell is 
reported to achieve efficiencies of up to 19.2% in commercial photovoltaic modules [72]. 
The unique features of HIT solar cells require the applied TCO materials with low 
temperature deposition, highly conductivity, and good contact with n-type a-Si layer. 
Typically, ITO is employed in HIT solar cells. But for ITO, the lowest resistivity is 
obtained at elevated temperature which is beyond the thermal stability limit of the 
crystalline/amorphous structure. Amorphous IZO deposited at room temperature is 
considered as an alternative material to substitute ITO, but high resistivity is still an issue 
for this kind of TCO material [73-74]. 
 
Figure 1 Schemtic configuration of a HIT cell. 
TCOs applied in amorphous Si solar cells are used as top contact layer, as is shown 
in Figure 2 [75]. This buried TCO layer which is deposited on the glass is typically 
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fluorine-doped SnO2 or crystalline ITO, which shows great thermal stability at relatively 
high temperature during the post-deposition process in a mildly reducing ambient. The 
requirements for the TCO materials employed in amorphous Si solar cells are chemical 
and structural stability and low cost. GZO deposited at low temperature as polycrystalline 
thin film is also considered to use in amorphous Si solar cells. The use of GZO as top 
contact layer can also reduce the cost due to the naturally abundance of Zn sources. 
 
Figure 2 Schemtic configuration of a amorphous Si solar cell [75]. 
1.4.2 Copper Indium Gallium Selenide (CIGS) and Cadmium Telluride (CdTe) Thin Film 
Solar Cells 
Both CIGS and CdTe thin film solar cells can reach to high efficiency near 20%. 
Recently, the centre for Solar Energy and Hydrogen Research Baden-Wurttemberg has 
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achieved a record 20.8% conversion efficiency with CIGS thin film solar cell in the 
laboratory. Figure 3 gives the practical and schematic structure of CIGS and CdTe solar 
cells [75]. Due to the complicated defect chemistry of CIGS, the active layers are highly 
sensitive to the temperature, defects and impurity diffusion. Therefore, a CdS layer is 
deposited on the top of CIGS to maintain the stoichiometry at the surface and prevent 
point defect creation. As CdS layer is usually deposited by wet chemical bath method 
[76-78], the TCO is also required to deposit at low temperature. And in order to avoid the 
junction leakage currents between TCO and CdS layer, undoped TCO thin layer is 
employed. The common TCO material used in CIGS is AZO. 
The geometry structure of CdTe solar cells is opposite to CIGS solar cells which can 
be seen in Figure 3. Consequently, TCO materials used here must be resistant to diffusion 
from both sides during the deposition of CaTe layer at high temperature. And a 
combination of Cd2SnO4 and Zn2SnO4 is developed to use in CdTe solar cells [75]. 
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Figure 3 Cross section of practical structures of (a) CIGS and (b) CdTe cell. Schematic 
illustrations of (c) CIGS and (d) CdTe. 
1.4.3 Organic Solar Cells and Dye-Sensitized Solar Cells 
Organic photovoltaic device has attracted more interests due to its low temperature, 
low cost, large area technology. Bu the device efficiencies are still too low and need to 
improve [79]. The requirements for TCO materials applied in organic solar cells are high 
work function, stability on a deformable surface, protection function, and low resistivity. 
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Besides, the ideal TCO need to be obtained by a no vacuum, low temperature deposition 
approach, which it is difficult to find suitable TCOs. 
 
Figure 4 Schematic structure of a dye-sensitized solar cell [75]. 
The dye-sensitized TiO2 solar cell is illustrated in Figure 4 [75]. This cell uses 
nanoparticles of TiO2 to collect electrons from electron-hole pairs created by photon 
interaction at a dye/TiO2 interface. For dye-sensitized solar cells, the optimized TCOs 
should have good interfacial properties of the oxide, chemical stability, and conductivity. 
Recent work has been done on doping in anatase expecting to obtain a conductive TCO 
material. In addition, TiO2 and other oxide nanostructures are also investigated widely 
which are grown by low temperature solution methods [80-83].  
1.5 Deposition Techniques 
There are several different techniques applied to deposit TCOs, such as Chemical 
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Vapor Deposition, Sputtering, Pulsed Laser Deposition, and so on.TCO materials grown 
by each deposition technique would show different optical and electrical properties due to 
the growth mechanism. 
1.5.1 Chemical Vapor Deposition (CVD) 
CVD method is one of the most important techniques for semiconductor industry 
which is used to produce high purity and high performance thin films. In typical CVD 
technique, the substrate, always silicon wafer, is exposed to volatile precursors, which 
react or decompose on the substrate surface to form the desired thin film. These volatile 
precursors are usually organometallic compounds. Besides, the precursor molecule has to 
be gaseous and thermally instable. The activation energy can be either provided by 
thermal energy or by plasma. There are various formats of CVD according to the mean 
which chemical reactions are initiated, such as Atomic layer CVD, Plasma-enhanced 
CVD, Metalorganic Chemical Vapor Deposition, Vapor-phase epitaxy and so on. And 
many TCOs have been successfully deposited by CVD method [84-87]. 
1.5.2 Physical Vapor Deposition (PVD) 
PVD describes various vacuum deposition methods in thin film deposition where a 
vaporized form of desired film material is condensed onto the surface of the substrate. 
PVD method includes, sputtering deposition, pulsed laser deposition (PLD), evaporative 
deposition, etc. 
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Sputtering is a process that atoms are ejected from a solid target due to 
bombardment of the target by energetic particles. Compared to chemical methods, TCOs 
deposited by sputtering have better-controlled composition, thickness, and homogeneity. 
Sputtering process involves gas plasma creation by applying a voltage between target and 
substrate. Source materials then diffuse onto the surface of the substrate after they are 
ejected from the solid target by the intense bombardment caused by energetic particles. 
Sputtering is generally operated under the pressure of 10
-2
 to 10
-3
 Torr and the sputter gas 
is typically inert gas argon. According to the property of the target, sputtering can be 
classified as Diode (DC) sputtering and Radio Frequency (RF) sputtering. DC sputtering 
is employed for conducting targets while RF sputtering is used for non-conducting or 
insulator targets. Moreover, when high deposition rate and low substrate temperature are 
required, magnetron sputtering is developed where a magnetic field is applied to enhance 
the sputtering rate. Plenty of high quality TCOs have been grown using sputtering so far 
which turns out to be an extensive way to fabricate TCOs [88-91]. 
PLD is another important thin film deposition technique by which crystalline thin 
films with high quality are obtained. In a high or ultra high vacuum chamber, a pulsed 
laser beam with high power is focused to strike a material target which is to be deposited. 
The vapor then condensed on the surface of the substrate, forming the film with the same 
composition as the target. Because of the pulsed laser irradiation, the heating rate of the 
target surface needs to be extremely high. As a result, crystalline film deposited by PLD 
requires a much lower substrate than the other film deposition techniques which is good 
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for protecting semiconductor and the underlying integrated circuit from thermal 
degradation. High quality TCOs have been synthesized by PLD and the effects of 
parameters were also investigated [92-95].  
1.5.3 Sol-Gel Method 
The sol-gel method is a common wet-chemical technique for producing solid 
materials from small molecules. The inorganic polymerization starts from a colloidal 
solution (sol) which acts as the precursor for an integrated net work (gel) of either 
discrete particles or network polymers. The process involves various reactions of 
hydrolysis and polycondensation. After the gel is formed, the solvent is removed then by 
drying and higher temperature calcinations. And a final sintering is applied to enhance the 
mechanical properties of samples. Using sol-gel methods, various TCO materials have 
been fabricated for diverse applications [96-100]. 
2. BACKGROUND 
ITO is arguably the best performance TCO to date. Some of the problems for ITO 
include the scarcity of In, which prevents its applications in terawatt solar photovoltaics 
[101], and the vacuum deposition processes for ITO such as magnetron sputtering, which 
are costly [102]. Thus, a low cost material and low cost deposition technique are required 
to further reduce the cost of solar cells. 
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2.1 Doping in ZnO Thin Films 
ZnO, a naturally n-type semiconductor, has been identified as a promising candidate 
to replace ITO in solar photovoltaics, due to its advantages of low cost, wide bandgap 
(3.37 eV), nontoxic, suitable refractive index (2.0 at 600 nm), and highly durable against 
hydrogen plasma compared to ITO [103]. Besides, zinc is an abundant material whose 
world reserve base is 480 million tons compared to indium’s world reserve base of 16 
thousand tons. However, undoped ZnO has a resistivity too high for photovoltaic 
applications and doping, one of the most significant issues for design and realization of 
ZnO based TCOs, is required to reduce its resistivity.  
Since p-type doped ZnO with good stability and reproducibility has not yet been 
developed yet, n-type doped ZnO TCOs are mainly discussed here. As discussed in the 
introduction parts, several elements are doped in ZnO thin films, such as group III 
elements: B, Al, Ga, In, and group VII element: F. Among these dopants, Al-doped ZnO 
and Ga-doped ZnO are the most studied ZnO based TCOs. At present, resistivity of 
2-3×10
-4 Ω·cm, a refractive index of 2.0, and an average transmittance of 85% in the 
visible range have been achieved in AZO and GZO films by magnetron sputtering and 
vacuum arc plasma evaporation [104]. The comparison of AZO and ITO is shown in 
Table 2, which demonstrates that properties of AZO and GZO are comparable to those of 
ITO films. Besides, it is reported that the obtained minimum resistivity of doped ZnO 
films is still decreasing while SnO2 and In2O3 films have essentially remained unchanged 
[48]. This summary indicates the possible significant promotion of ZnO based TCOs. 
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The electrical properties of ZnO thin films are essentially determined by electrons 
generated by oxygen vacancies and charge donation. The effect of Al concentration on 
the electrical properties of AZO deposited on Si substrate by atomic layer deposition has 
been investigated [105]. From the results, it shows that the crystallinity of the film 
degenerates while resistivity is found to decrease with the increase of Al doping 
concentration. It is believed that there exists a thermodynamic solubility limit for dopants 
in the lattice. The resistivity of AZO film decreases when increase the Al concentration 
up to 7 at.% and increases at higher Al concentration of 8 at.%. The extra Al atoms exist 
in the form of Al2O3, which results in the increase of resistivity of AZO. Same situation 
happens for other dopant. 
Another important dopant is F, which also can improve the electrical properties of 
TCO materials [45]. The ionic radius of F
-
 is 1.17 Å which is comparable to that of O
2-
, 
1.22 Å. As a result, F will easily incorporate into the ZnO lattice by substituting O atoms. 
And ZnO:F (FZO) thin films have been successfully synthesized with a low resistivity of 
4.8×10
-4Ω·cm via pulsed laser deposition [106]. And the average transmittance is higher 
than 90% in the visible region. Although FZO has good combination properties of 
electrical and optical characterization, there is less research on the effect of F in ZnO 
compared to AZO and GZO. 
Besides singly doped ZnO, one possible way to reduce the resistivity of ZnO thin 
films is codoping. For singly doped ZnO, the defects will be formed in ZnO lattice due 
the difference radii between dopant ions and Zn
2+ 
or O
2-
.By introducing two dopants, this 
  20 
 
issue could be partially resolved. The codoping method attracts more and more attention 
and a lot of work has been done so far [107-109]. High quality of Mg and Ga codoped 
ZnO (MGZO) thin films has been fabricated [110]. Compared with undoped ZnO and Mg 
doped ZnO, the peak intensity of (0002) plane and carrier concentration of the codoped 
ZnO increase with the increase of Ga concentration. This indicates that Ga
3+
 substitute 
Zn
2+
 ions in the ZnO lattice. Moreover, the MGZO thin films show better stability.  
Table 2 Comparison of Thin-Film Transparent Electrode Properties between AZO and 
ITO [48]. 
 Doped ZnO ITO 
Low resistivity (Ω·cm) 10-5 10-5 
Practical resistivity (Ω·cm) 2-3×10-4 1×10-4 
Eg (eV) 3.3 3.7 
Index of refraction 2 2 
Work function 4.6 4.8-5.0 
Cost Inexpensive Very Expensive 
Stability   
Acid Solution < Good (stable)  
Alkali Solution < Good (stable)  
Oxidizing Atmosphere at  
High Temperature (or Oxygen Plasma) 
< Good (stable)  
Reducing Atmosphere at 
High Temperature (or Hydrogen Plasma) 
Good (stable) >  
2.2 Spray Pyrolysis 
Although high quality ZnO based TCOs with good electrical and optical properties 
have been synthesized by magnetron sputtering, CVD, PLD and other costly techniques, 
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all of which require vacuum environment, the true low-cost potential of ZnO based TCOs 
can be fully realize when combined with a low cost and high throughput deposition 
method. Spray pyrolysis is a quite simple non-vacuum technique, which is suitable for 
large area deposition of semiconductor at ambient pressure. It also provides a much easier 
way to introduce the dopant to the film by simply adding the dopant precursor into the 
starting solution. The basic setup of the spray pyrolysis, which consists of a hot plate and 
a spray gun, is shown in Figure 5. There is a considerable amount of papers regarding on 
the spray deposited ZnO thin films [2, 111-116]. Typically, salts of zinc and dopant are 
dissolved in one starting solution which contains water, organic solvent, or the mixer of 
these two. The solution is then sprayed through the spray head onto a substrate which is 
hearted to 300-600℃. A small amount of acetic acid is added into the starting solution to 
prevent precipitation in the solution. For AZO, the lowest value of 3×10
-3 Ω·cm was 
reported [115]. The resistivity of AZO deposited by spray pyrolysis is too high to apply in 
solar cells. Therefore, how to further reduce the resistivity of ZnO based TCOs fabricated 
by spray pyrolysis is a big challenge. 
However, the growth mechanism of the thin film obtained by spray pyrolysis has not 
been quite clear up to now. There involves multiple processes occurred either sequentially 
or simultaneously during the film deposition, such as starting solution atomization, small 
droplet transport and evaporation, spreading on the substrate, drying and decomposition 
of the precursor salt. F. Paraguay D. et al. proposed a series of reactions involved in the 
deposition process of ZnO thin films by spray pyrolysis [120]. When the aerosol droplets 
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arrive close to the heated substrate, a pyrolytic process occurs resulting in highly adherent 
film of ZnO, according to the following steps: 
ZnO(CH3COO)2 (solid near substrate) 
heat 4Zn(CH3COO)2 (gas near substrate) 
+H2O  
adsorption
Zn4O(CH3COO)6 (adsorbed/substrate) 
+2CH3COOH (gas near substrate) 
and Zn4O(CH3COO)6 (adsorbed/substrate) 
+3H2O4ZnO (film/substrate)+6CH3COOH (gas)   
 
Figure 5 Schematic diagram of basic spray pyrolysis set up. 
Codoping discussed above is a possible way to further reduce the resistivity of ZnO 
due to double doping. This is particularly true when a cationic dopant and an anionic 
dopant are simultaneously introduced, as they go into different sites in ZnO. ZnO films 
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codoped with Mg and Ga, Sn and F, and Al and F have been reported using sputtering, 
CVD, and sol-gel processes [110, 117-118]. Although spray deposition is a convenient 
and low-cost process for large-area ZnO films, there have been few reports on codoped 
ZnO by spray deposition, especially for codoping with a cation and an anion [109]. This 
may lie with the fundamental limitation in solution-based spray deposition - all the 
precursors for spray deposition have to be compatible in the same solution and do not 
react or precipitate in the solution. Taking Al and F codoped ZnO as an example. Al
3+
 
ions react with F
–
 ions in the same solution resulting in precipitation of insoluble AlF3. 
Due to this fundamental issue, the selection of dopants for ZnO is greatly limited, 
especially for codoping ZnO. 
2.3 Research Objectives 
Based on the above discussion, the main purpose of this research is synthesizing 
codoped ZnO via spray pyrolysis technique. Therefore, the objectives of this research are 
listed below: 
1. Bypass the fundamental limitation of  typical spray pyrolysis method and widen 
the selection of dopants for codoping; 
2. Choose proper dopants with low cost and abundant reservation to codope in the 
ZnO; 
3. Further reduce the resistivity of codoped ZnO while increase the optical 
transmittance; 
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4. Characterize the morphological, structural, optical, and electrical properties of 
obtained codoped ZnO samples. 
3. EXPERIMENTAL DETAILS 
3.1 A Novel Co-Spray Deposition Technique 
In this research, a new co-spray deposition technique for the synthesis of metal 
oxides from incompatible precursors is reported. The technique bypasses the above 
fundamental limitation by preparing two starting solutions and co-spraying them through 
two spray heads. Thus, no insoluble precipitates in the starting solution. ZnO films 
codoped with Al and F, Cr and F, and Fe and F have been successfully demonstrated via 
this technique. Structural, morphological, electrical, and optical properties of codoped 
ZnO films by spray deposition have been investigated. To the best of our knowledge, no 
report has appeared in the literature on codoping ZnO in spray deposition with Al and F, 
Cr and F, or Fe and F. The only report on codoping ZnO in spray deposition involves Mg 
and F [119], but the paper did not address the issue of chemical compatibility.  
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Figure 6 Schematic diagram of the co-spray deposition setup. 
The schematic of the home-built co-spray deposition setup is shown in Figure 6. It 
involves two containers for two solutions, with separate liquid feeding and carrier gas 
lines for two spray heads. The spray heads were model STA-6N-0.5 from Fuso Seiki Co., 
Ltd. The heater for the substrate in the setup is a hotplate capable of 540°C, but a 
different heater more suitable for industrial-scale synthesis of ZnO films can be 
employed. 
3.2 Experimental Details 
Three pairs of dopants, Al and F, Cr and F, and Fe and F, were selected for codoping 
in ZnO. Of the two starting solutions, one contained the Zn precursor, Zn(O2CCH3)2, and 
the cationic dopant precursor, AlCl3, CrCl3, or FeCl3. The precursors were dissolved into 
a mixture of deionized water and ethanol in a volume ratio of 3:2. A few drops of acetic 
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acid were added to prevent precipitation in the solution. In the second solution, the F 
precursor, NH4F, was dissolved into a mixture of deionized water and ethanol in the same 
ratio. The concentration of Zn(O2CCH3)2 was fixed at 0.4 M in one solution. The cationic 
concentration (AlCl3, CrCl3, or FeCl3) in the same solution and the NH4F concentration in 
the other solution are expressed in cation/Zn and F/Zn ratios. 
The two solutions were co-sprayed onto a preheated soda-lime glass substrate 
maintained at 500°C in air. Before deposition, the substrate was ultrasonically cleaned in 
deionized water, acetone, and deionized water sequentially. According to the results of 
profilometry, the thickness variation of ZnO films with the same dopants was small. 
Compressed air was used as the carrier gas and the atomization pressure was 30 psi. 
Post-deposition annealing was performed in a tube furnace at 400°C under 10
–3
 mbar for 
1 h for all the samples. 
3.3 Characterization 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
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4. SPRAY DEPOSITION OF F-DOPED ZNO 
4.1 Introduction 
The density of dopants in semiconductor is one of the most important parameters 
that can control the position of Fermi level. By introducing a certain amount of proper 
dopants, it is possible to obtain the desirable properties of semiconductor. Doping can be 
done during the preparation or diffusion afterwards. For ZnO, the choice of the dopants 
needs to take into account the size of the ionic radius. The more similar of the dopant 
ionic radius compared to either Zn
2+
 or O
2-
, the less lattice distortion in the ZnO lattice. 
As the ionic radius of F is almost the same as that of O, the substitution would be 
straightforward. That is one reason why F is selected as the anionic dopant.  
The prime objective of this work is to fabricate codoped ZnO thin films via the 
co-spray technique. As F is selected as the only anionic dopant which will be codoping in 
the ZnO with other three cationic dopants separately, it is necessary to investigate the 
effect of F on the structural, morphological, optical, and electrical properties of ZnO. 
4.2 Experimental Details 
In one starting solution, Zn(CH3COO)2 (Zn precursor) was dissolved in a mixture of 
deionized water and ethanol in a volume ratio of 3:2. A few drops of acetic acid were 
added to stabilize the solution. In another starting solution, NH4F (F precursor) was 
dissolved in the same mixture. The concentration of Zn(CH3COO)2 was fixed at 0.4 M 
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and F/ZnO ratio varied from 0 to 120 %. 
Table 3 Experimental parameters used for F-doped ZnO deposition 
Deposition Temperature 500 ℃ 
Nozzle-to-substrate Distance 30 cm 
Liquid consumption rate 16 ml/min 
Atomization pressure 30 psi 
Deposition time 2 min 
Concentration of Zinc Acetate 0.4 M/L 
Ethanol/DI Water Ratio 2:3 
F/Zn Ratio 0-120 % with increment of 5 % 
Vacuum Annealing Temperature 400 ℃ 
Annealing Time 1 hr 
The two solutions were sprayed onto preheated soda-lime glass maintained at 500°C 
in air. Before the deposition process, the glass substrates were ultrasonically cleaned in 
deionized water, acetone and deionized water sequentially. Compressed air was used as 
the carrier gas. Post-deposition annealing was performed in vacuum at 400°C under 10
–3
 
mbar for 1 h. All other parameters are listed below, in Table 3. 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Thickness was 
studied using a Bruker Dektak XT surface profilometer. 
4.3 Effect of F on the Structural Properties of FZO 
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Figure 7 XRD patterns of ZnO films deposited with different doping levels in the starting 
solution. 
XRD patterns of FZO are shown in Figure 7, which indicate that the films are of 
polycrystalline nature. Diffraction peaks at 2θ of 31.7°, 34.3°, 36.2°, 47.6°, 56.5°, 62.9° 
and 67.8° correspond to hexagonal wurtzite ZnO(100), (002), (101), (102), (110), (103) 
and (112), respectively. No other diffraction peak is detected, which implies that all four 
samples are ZnO and no other phase exists in the film. Therefore, it can be deduced that F 
atoms are introduced into the ZnO lattice by substituting O atoms rather than forming a 
new phase. From the XRD patterns, it can be seen that with the increase of F/Zn ratio in 
the starting solution, the peak along (002) direction become stronger which suggests the F 
dopant may change the surface energy of ZnO which affects the preferential growth of 
the FZO films. 
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The crystallite size can be calculated using Scherrer equation: 
D=(0.9/B cosθ) 
A considerable decrease in average grain size from 20 nm to 13 nm is found with the 
increase in F/Zn ratio in the starting solution, as shown in Figure 8. There are two 
possible reasons that can explain this effect: (a) F atoms do not substitute O atoms and 
instead they occupy interstitial sites leading to a large number of dislocations; (b) 
formation of a compound which is growing along with FZO, like ZnF2 [120]. 
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Figure 8 Grain size change with different F concentration in the starting solution. 
4.4 Effect of F on the Electrical properties of FZO 
Figure 9 shows the sheet resistance of F-doped ZnO films as a function of doping 
concentrations in the starting solutions. For F singly-doped samples, the sheet resistance 
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decreases with increasing F/Zn ratio up to 95% and then increases sharply with F/Zn ratio. 
As is seen in the figure, without doping, the sheet resistance of ZnO is on the order of 10
5
 
/□. With F doping, it drops 3 orders of magnitude. When F/Zn ratio continues to 
increase beyond 95%, the sheet resistances increase rapidly. The lowest sheet resistance 
of the obtained FZO film, 189.3 /□, was deposited from the startin solution with F/Zn 
ratio of 95 %. The thickness is 1.49 μm which is confirmed by the profilometer. The 
initial reduction in sheet resistance can be explained that F atoms incorporate into the 
lattice by substituting of O atoms, resulting in more free electrons in the lattice. When 
further increase the F concentration in the starting solution up to its thermodynamic limit, 
the extra F atoms might be located at interstitial sites or diffuse to the grain boundaries 
instead, resulting in a large number of defects, which is in agreement with the results 
from first-principles study [86-87]. These defects lead to form smaller grain size which 
also contributes to the increase of the sheet resistance. Moreover, at high F concentration, 
a huge number of dopants also raise the scattering process and decrease the majority 
carrier mobility correspondingly [86]. Another possible reason is that a new compound, 
ZnF2, other than ZnO is formed [88]. 
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Figure 9 Sheet resistance of annealed F-doped ZnO film as a function of F/Zn ratio in the 
starting solution. 
4.5 Effect of F on the Optical Properties of FZO 
Figure 10 plots the total transmittance at 550 nm of annealed F doped ZnO films as a 
function of F/Zn ratio in the starting solution. From the figure, it can be obviously seen 
that the transmittance have a trend to decrease with the F concentration increases in the 
starting solution. When increasing the F/Zn ratio in the starting solution from 5% to 65%, 
the transmittance drops from 91% to around 83%. Considering the optical properties 
required for TCO material, this effect of doped ZnO, These limits the F concentration in 
ZnO. One possible reason is the introduction of the F dopant changes the surface 
morphology of the sample which is like a textured surface with big roughness. 
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Figure 10 Transmittance at 550 nm of annealed F-doped ZnO films as a function of F/Zn 
ratio in the starting solution. 
4.6 Conclusions 
Using co-spray deposition technique, FZO with high F concentration can be 
achieved. From the XRD results, it indicates F atom incorporates with ZnO lattice by 
substituting of O atom between 5-95% F/Zn ratio in the starting solution. When the F 
concentration increases beyond the thermodynamic limit, the sheet resistance increases 
due to the increase of defects density caused by the movement of extra F atoms to the 
interstitial sites in the lattice. The lowest sheet resistance, 189.3 /□, was obtained from 
the starting solution with F/Zn ratio of 95%. Besides, the transmittance of ZnO:F 
decreases with the increase of the F dopant concentration in the starting solution. In order 
to get a TCO material with both low sheet resistance and high transmittance TCO, F/Zn 
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ratio in the starting solution need to well control.. 
5. SPRAY DEPOSITION OF AL-F CODOPED ZNO 
5.1 Introduction 
For AZO, many techniques have been applied to deposit AZO films on different 
substrates, and as shown in Table 5, the properties of AZO are comparable to those of 
ITO films. However, for AZO deposited by spray pyrolysis, the resistivity is still too high 
to be employed in industrial applications. Codoping discussed above is a possible way to 
further reduce the resistivity of ZnO due to the double doping effect. This is particularly 
true when a cationic dopant and an anionic dopant are simultaneously introduced, as they 
go into different sites in ZnO. Therefore, in this chapter, structural, morphological, optical 
and electrical properties of Al-F codoped ZnO will be discussed. For comparison, optical 
and electrical properties of singly Al-doped ZnO will also be investigated in this chapter. 
5.2 Singly Al-doped ZnO 
5.2.1 Experimental Details 
Deposition of singly Al-doped ZnO is also operated in the co-spray system. And for 
deposition of AZO thin films, Zn(CH3COO)2 (Zn precursor) and AlCl3 (Al precursor) 
were dissolved in a mixture of deionized water and ethanol in a volume ratio of 3:2. A 
few drops of acetic acid were added to stabilize the solution. In another solution, it only 
contains same mixture. The concentration of Zn(CH3COO)2 was fixed at 0.4 M. The two 
  35 
 
solutions were co-sprayed onto a preheated soda-lime glass substrate maintained at 
500°C in air. Before deposition, the substrate was ultrasonically cleaned in deionized 
water, acetone, and deionized water sequentially. The deposition time was 2 min. 
Compressed air was used as the carrier gas and the atomization pressure was 30 psi. 
Post-deposition annealing was performed in a tube furnace at 400°C under 10
–3
 mbar for 
1 h for all the samples. 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
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5.2.2 Effect of Al on the Electrical Properties of AZO 
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Figure 11 Sheet resistance of annealed Al-doped ZnO film as a function of Al/Zn ratio in 
the starting solution. 
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Figure 11 is the plot of sheet resistance of annealed AZO sample against Al/ZnO 
ratio in the starting solution. A near parabolic behavior with a minimum is observed. 
From Figure 11, it can be observed that the sheet resistance decreased from 1×10
5
 /□ 
for undoped ZnO to a minimum of 590 /□ (Figure 12) for films deposited from a 
starting solution containing Al/Zn ratio of 2.2%. The sheet resistance then increases with 
the Al concentration in the starting solution further increases. Clearly, there exists a limit 
for Al doping in the ZnO lattice. When a small amount of Al dopants is introduced into 
the ZnO, the ionize Al
3+
 then substitutes for Zn
2+
 resulting in one free electrons. With 
more Zn atoms are replaced by Al atoms, the carrier density increases which leads to 
lower sheet resistance. However, when continue to increase Al concentration, the excess 
amount of Al atoms cannot incorporate with ZnO due to its thermodynamic solubility 
limit, which trend to form Al2O3 and segregate in the grain boundaries. The sheet 
resistance increases accordingly. From the results, Al/Zn ratio of 2.2% is the possible 
limit of thermodynamic solubility for Al in ZnO lattice. Beyond that point, the sheet 
resistance of AZO will not further decrease even the Al concentration continues to 
increase. 
5.2.3 Effect of Al on the Optical Properties of AZO 
Figure 12 shows the optical transmittance of ZnO prepared on glass substrate for 
different Al doping levels. The total transmittance for all samples is above 90% which 
indicates that the obtained AZO films give great optical windows in visible range for 
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optical applications. The slightly decrease of transmittance at higher Al concentration 
may due to the increased scattering of photons by crystal defects caused by doping. 
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Figure 12 Transmittance of annealed AZO films as a function of Al/Zn ratio in the 
starting solutions. 
5.3 Al-F Codoped ZnO 
5.3.1 Experimental Details 
For deposition of ZnO thin films codoped with Al and F, two dopants precursor were 
added into two separately starting solutions. In one solution, Zn(CH3COO)2 (Zn precursor) 
and AlCl3 (Al precursor) were dissolved in a mixture of deionized water and ethanol in a 
volume ratio of 3:2. A few drops of acetic acid were added to stabilize the solution. In 
another solution, NH4F (F precursor) was dissolved in the same mixture. The 
concentration of Zn(CH3COO)2 was still fixed at 0.4 M. The other parameters used were 
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listed in Table 4. 
Table 4 Experimental parameters used for Al and F codoped ZnO deposition 
Deposition Temperature 500 ℃ 
Nozzle-to-substrate Distance 30 cm 
Liquid consumption rate 16 ml/min 
Atomization pressure 30 psi 
Deposition time 5 min and 2 min 
Concentration of Zinc Acetate 0.4 M/L 
Ethanol/DI Water Ratio 2:3 
F/Zn Ratio 0-60 %  
Al/Zn Ratio 0-10 % 
Vacuum Annealing Temperature 400 ℃ 
Annealing Time 1 hr 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
5.3.2 Effect of Dopants on the Electrical Properties of Al:F:ZnO 
The sheet resistance of the Al-F codoped ZnO films deposited for 5 minutes as a 
function of the Al/Zn ratio in the starting solution, before and after vacuum annealing, is 
presented in Figure 13. Compared as-deposited Al:F:ZnO with annealed samples, it can 
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be clearly seen that vacuum annealing reduce the sheet resistance of Al:F:ZnO by a factor 
of ~10 in average. Besides, with the increase of Al/Zn ratio in the starting solution from 1 
to 10 %, the sheet resistance linearly increases from 1 k/□ to 13.9 k/□, indicating the 
minimum Al/Zn ratio still exceed the thermodynamic solubility of Al in ZnO lattice. 
Compared to the solubility of Al in singly Al-doped ZnO case, the existence of F dopant 
obviously changes the thermodynamic solubility of Al in the ZnO lattice. In order to 
investigate the effect of each dopant on the electrical and optical properties and get the 
lowest sheet resistance of Al-F codoped ZnO, even smaller Al/Zn ratio changed from 0 to 
1 % was used while F/Zn ratio was still fixed at 55 %. Besides, after 5 minutes’ 
deposition, the thickness of the sample is ~1.5 μm which has been confirmed by the 
profilometer. In order to reduce the thickness, the deposition was also reduced to 2 
minutes. 
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Figure 13 Sheet resistance Al-F codoped ZnO film as a function of Al/Zn ratio in one 
solution with a fixed F/Zn ratio of 55 % in the second solution. Deposition time was 5 
minutes. 
Figure 14 shows the sheet resistance of Al and F codoped ZnO films as a function of 
doping concentrations in the starting solutions. For comparison, the sheet resistance of 
singly-doped ZnO films, with either Al or F, is plotted as a function of doping 
concentration in the solution. Figure 14(a) shows the effect of Al concentration on sheet 
resistance, where the F/Zn ratio in the solution is fixed at 55 % for codoped samples. For 
Al singly-doped samples, the sheet resistance decreases with increasing Al/Zn ratio up to 
2 % and then increases slightly with Al/Zn ratio. This can be explained by substitution of 
more Al atoms into the Zn site, resulting in more free electrons in the lattice. Without 
doping, the sheet resistance is on the order of 10
5
 /□. With Al doping, it drops to ~103 
/□. For Al and F codoped samples, the sheet resistance is on average ~10 times lower 
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than Al singly-doped samples into the 10
2
 /□ range. Between 0-1 % Al/Zn ratio, the 
sheet resistance of codoped samples decreases first and then increases slightly. The 
minimums sheet resistance is 75.8 /□ at 0.6 % Al/Zn ratio. 
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Figure 14 Sheet resistances of singly-doped and codoped ZnO films as a function of (a) 
Al/Zn ratio in one solution with a fixed F/Zn ratio of 55% in second solution and (b) F/Zn 
ratio in second solution with a fixed Al/Zn ratio of 0.6% in first solution. 
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The significant reduction in sheet resistance by codoping is attributed to double 
doping. The amount of Al which can be incorporated into the substitutional Zn site is 
thermodynamically limited by the solid solubility of Al in ZnO. Excess Al likely forms a 
second phase in ZnO, Al2O3, which is an insulator and increases the resistivity of the 
matrix ZnO. Introducing F into the substitutional O site bypasses the solid solubility of Al 
and adds more electron donors to the lattice. This double-doping effect by a cation and an 
anion is unlikely to be matched by two cationic dopants or two anionic dopants. For Al 
singly-doped samples, the minimum sheet resistance appears at 2.2 % Al/Zn ratio, while 
for codoped samples, the minimum sheet resistance is at 0.6 % Al/Zn ratio. It is suggested 
that the presence of F in the lattice likely reduces the thermodynamic solubility limit for 
Al in ZnO. 
Figure 14(b) shows the effect of F concentration on sheet resistance, where the 
Al/Zn ratio is fixed at 0.6% in one solution for codoped samples. Codoping reduces the 
sheet resistance of ZnO by a factor of ~10 on average. A minimum sheet resistance of 
55.4 /□ is obtained for Al and F codoped samples at Al/Zn ratio of 0.6% and F/Zn ratio 
of 40% in the starting solutions. For codoped samples, the sheet resistance initially 
decreases with increasing F/Zn ratio between 0-40 %. Beyond 40 % F/Zn ratio, the sheet 
resistance increases with F/Zn ratio. The initial reduction of sheet resistance is due to the 
substitution of O atoms by F atoms leading to a higher free electron concentration. 
Beyond a certain point, excess F might go into interstitial sites or segregate to grain 
boundaries, resulting in a high density of defects [122], which increases the sheet 
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resistance by carrier scattering. 
5.3.3 Effect of Dopants on the Structure and Morphological Properties of Al:F:ZnO 
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Figure 15 XRD patterns of (a) singly F-doped ZnO with F/Zn ratio of 55 %; (b) singly 
Al-doped ZnO with Al/Zn ratio of 0.6 %; (c) Al and F codoped ZnO with F/Zn ratio 55 % 
and Al/Zn ratio 0.6 % in the starting solutions.(Deposition time: 5 minutes) 
XRD patterns of singly F-doped, singly Al-doped, and Al-F codoped ZnO thin films 
are shown in Figure 15. The Al/Zn ratio is 0.6 % and F/Zn ratio is 55 % for both singly 
doped and codope ZnO. All the samples were deposited at 500°C and then annealed in 
vacuum annealing at 400 ℃ for 1 hour. All the samples show the same diffraction peaks, 
although the intensities of the peaks vary. Diffraction peaks at 2θ of 31.7°, 34.3°, 36.2°, 
47.6°, 56.5°, 62.9° and 67.8° correspond to wurtzite ZnO(100), (002), (101), (102), (110), 
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(103), and (112), respectively. Only ZnO is detected for all the samples, and all the 
samples are polycrystalline films. It is noted that F-doped ZnO (Fig. 13 (a)) has a 
preferential (002) orientation and Al-doped ZnO (Fig. 13 (b)) has a preferential (100) 
orientation while Al and F codoped ZnO (Fig. 13(c)) show no preferential orientation. 
Introduction of two dopants may change the surface energy of ZnO leading to different 
orientations [123]. 
 
Figure 16 SEM images of Al and F codoped ZnO with fixed F/Zn ratio 55 % and Al/Zn 
ratio (a) 0.2 %; (b) 0.4 %; (c) 0.6 %; (d) 0.8 % in the solutions. 
Surface morphologies of the samples in Figure 14 are presented in Figure 16 and 
Figure 17. All the samples show continuous films with granular structures. In Figure 15, 
when fixed the F/Zn ratio in one solution and changed the Al/Zn in the other solution, the 
average gain size is likely to becoming smaller. Similarly in Figure 16, the average grain 
  46 
 
size of the sample reduces slightly with the increase of the F/Zn ratio in the starting 
solution. With the doping concentration increases, more dopants are introduced to the 
ZnO lattice and some dislocation will be formed in the lattice due to the differences of 
ionic radius between dopants and matrix atoms. Interestingly, compared with other 
sample, Al and F codoped ZnO with Al/Zn ratio 0.6 and F/Zn ratio 55 % in Figure 15 and 
codoped ZnO with Al/Zn ratio 0.6 and F/Zn ratio 40 % show bigger grain size Figure 16. 
And the sheet resistances of these two samples happen to be lowest. Therefore, bigger 
grain size is desirable to get low sheet resistance 
 
Figure 17 SEM images of Al and F codoped ZnO with fixed Al/Zn ratio 0.6 % and F/Zn 
ratio (a) 25 %; (b) 40 %; (c) 55 %; (d) 70 % in the solutions. 
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5.3.4 Effect of Dopant on the Optical Properties of Al:F:ZnO 
300 400 500 600 700 800
0
20
40
60
80
100
 
 
T
ra
n
s
m
it
ta
n
c
e
 (
%
)
Wavelength (nm)
 Al/Zn=0 %
 Al/Zn=0.2 %
 Al/Zn=0.4 %
 Al/Zn=0.6 %
 Al/Zn=0.8 %
 Al/Zn=1.0 %
(a)
F/Zn=40 %
 
300 400 500 600 700 800
0
20
40
60
80
100
 
 
T
ra
n
s
m
it
ta
n
c
e
 (
%
)
Wavelength (nm)
 F/Zn=10 %
 F/Zn=25 %
 F/Zn=40 %
 F/Zn=55 %
 F/Zn=70 %
 F/Zn=85 %Al/Zn=0.6 %
(b)
 
Figure 18 Total transmittance spectra of Al and F codoped ZnO films as a function of (a) 
Al/Zn ratio in first solution with a fixed F/Zn ratio of 40 % in second solution. (b) F/Zn 
ratio in the second solution with a fixed Al/Zn ratio. 
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Figure 18 is the total transmittance spectra, measured with an integrating sphere, of 
Al and F codoped ZnO samples with varying dopant/Zn ratio in the solutions. In Figure 
17 (a), all the samples show similar transmittance, as they are prepared with the same 
F/Zn ratio, 40%, and a low cationic concentration. Likewise, in Figure 17 (b), the 
transmittance of sample is almost the same with increase of F/Zn ratio in one solution 
which is opposite to results obtained in singly F-dope ZnO. Nevertheless, the average 
transmittance of Al and F codoped ZnO films is ~90% in the visible range. This indicates 
that Al and F codoped ZnO is a good window material in solar cells applications. 
5.3.5 Environmental Stability of Al:F:ZnO 
For practical applications, the TCO materials should maintain low sheet resistance to 
minimize ohmic loss. So Al and F codoped ZnO samples are examined to see the 
electrical stability. All samples were placed in the lab for 7 days at room temperature 
where the humidity was ~30%. Figure 19 shows the change of sheet resistance changes 
with the time. The sheet resistance of all Al and F codoped ZnO samples increases with 
time. The Al and F codoped ZnO with Al/Zn ratio 0.6 and F/Zn ratio 10 % shows largest 
change from 65 /□ to 78.4 /□ while the codoped sample with lowest sheet resistance 
changes quite slightly during the first 4 day. From the results, it can be deduced that the 
introduction of dopants can stabilize the electrical properties of codoped ZnO. 
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Figure 19 Sheet resistance of Al and F codoped ZnO as a function of time. 
5.4 Conclusions 
ZnO films codoped with Al and F was successfully deposited using the co-spray 
technique, where the F precursor is contained in a separate solution from the Zn and Al 
precursors. The two solutions are co-sprayed through two spray heads. Al and F codoped 
ZnO show double-doping effects which result in significantly lower sheet resistance than 
singly-doped ZnO with either Al or F. The lowest sheet resistance of Al and F codoped 
ZnO films is 55.4 /□ which was deposited from solutions with Al/Zn ratio of 0.6% and 
F/Zn ratio of 40%. The total transmittance for all the codoped ZnO samples is above 90% 
in the visible range. This co-spray deposition technique provides a simple and 
cost-effective way to synthesize metal oxides from incompatible precursors with 
improved properties. 
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6. SPRAY DEPOSITION OF CR-F CODOPED ZNO 
6.1 Introduction 
Chromium is an abundant material with the most stable energetically state +3, which 
makes it a good candidate working as dopant in ZnO. There is few papers regarding 
Cr-doped ZnO, without mentioning the Cr and F codoped ZnO. In this part, Cr and F 
codoped ZnO will be investigated, especially its optical and electrical properties. 
Hopefully, through codoping method, a much lower sheet resistance could be achieved. 
6.2 Experimental Details 
For deposition of Cr and F codoped ZnO thin films, two dopants precursor were 
added into two separately starting solutions. In one solution, Zn(CH3COO)2 (Zn precursor) 
and CrCl3 (Cr precursor) were dissolved in a mixture of deionized water and ethanol in a 
volume ratio of 3:2. A few drops of acetic acid were added to stabilize the solution. In 
another solution, NH4F (F precursor) was dissolved in the same mixture. The 
concentration of Zn(CH3COO)2 was still fixed at 0.4 M. The other parameters used were 
listed in Table 5. 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
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morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
Table 5 Experimental parameters used for Cr and F codoped ZnO deposition 
Deposition Temperature 500 ℃ 
Nozzle-to-substrate Distance 30 cm 
Liquid consumption rate 16 ml/min 
Atomization pressure 30 psi 
Deposition time 2 min 
Concentration of Zinc Acetate 0.4 M/L 
Ethanol/DI Water Ratio 2:3 
F/Zn Ratio 0-120 %  
Cr/Zn Ratio 0-6 % 
Vacuum Annealing Temperature 400 ℃ 
Annealing Time 1 hr 
6.3 Structural Properties of Cr:F:ZnO 
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Figure 20 XRD patterns of (a) singly F-doped ZnO with F/Zn ratio of 55 %; (b) singly 
Cr-doped ZnO with Cr/Zn ratio of 0.4 %; (c) Cr and F codoped ZnO with F/Zn ratio 55 % 
and Cr/Zn ratio 0.4 % in the starting solutions. 
Figure 20 shows the XRD patterns of singly F-doped, singly Cr-doped, and Cr and F 
codoped ZnO thin film. The F/Zn ratio is 55% for F-doped ZnO. The Cr/Zn ratio is 0.4 % 
for Cr-doped ZnO. And the Cr/Zn and F/Zn ratios are 0.4 % and 55 % separately. All the 
samples were deposited at 500°C and then annealed in vacuum. From the XRD pattern, it 
can be clear seen that all films are polycrystalline. Besides, the corresponding x-ray 
diffraction peaks fit to hexagonal wurtzite structure of ZnO, where diffraction peaks at 
31.7°, 34.3°, 36.2°, 47.6°, 56.5°, 62.9°, and 67.8° correspond to wurtzite ZnO(100), 
(002), (101), (102), (110), (103), and (112), respectively. All diffraction peaks can be 
marked and no other peak is detected which indicates all the three samples are ZnO thin 
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films. In addition, all three samples show preferential orientations of (002). 
 
Figure 21 SEM images of ZnO films codoped with Cr and F, with Cr/Zn ratio of 0.4 % 
and F/Zn ratio of 55 % respectively. 
Figure 21 shows the surface morphology of the same codoped ZnO sample used in 
Figure 20 for the XRD analysis. From the SEM picture, the Cr:F:ZnO film shows 
continuous, uniform and granular surfaces. From the cross-sectional SEM, the thickness 
of the films is ~0.53 μm, which was also confirmed by the profilometer. 
6.4 Electrical Properties of Cr:F:ZnO 
The sheet resistance of the films as a function of the doping levels in the starting 
solutions after vacuum annealing is given in Figure 22. Deposition time for samples was 
2 min. As is shown in Figure 22(a), sheet resistance of the as-deposited Cr and F codoped 
ZnO films decrease slightly first and then increase with the increase of Cr/Zn ratio in the 
starting solution from 1 to 5 %. In contrast to Al and F codoped ZnO, Cr doping increases 
the sheet resistance of Cr and F codoped samples at all Cr concentrations examined, as 
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shown in Figure 22 (a). Obviously, Cr does not act as an electron donor in ZnO, as 
corroborated by Maldonado et al. [124]. As the XRD analysis reveals that no new phase 
other than ZnO, it is suggested that the valence of Cr in the Zn site is Cr
2+
 rather than Cr
3+
 
which does not donate electrons. On the other hand, in Figure 22(b), when the Cr/Zn ratio 
is fixed in the starting solution, the sheet resistance of the Cr-F codoped ZnO films 
decreases with the increase of F/Zn ratio. The codoped samples have lower sheet 
resistance than single Cr doped ZnO. And Cr and F codoped ZnO with the lowest sheet 
resistance, 815.9 /□, was obtained from the starting solutions with the Cr/Zn ratio 0.4 % 
and the F/Zn ratio 75 % respectively. From the results, it is believed that Cr does not act 
as a donor-type impurity. Same results were reported by Shinoda et al. for Cr doped ZnO 
synthesized by sputtering, where the high-resistivity Cr2O3 was detected by X-ray 
photoelectron spectroscopy [126]. 
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Figure 22 Sheet resistance of Cr and F codoped ZnO film after annealing as a function of 
dopant to zinc ratio in the starting solutions. (a) 0 – 5 % Cr/Zn ratio with fixed 55 % F/Zn 
ratio; (b) 0 – 115 % F/Zn ratio with fixed 0.4 % Cr/Zn ratio. 
Figure 23 shows the sheet resistance of Cr and F codoped ZnO thin films changes at 
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different annealing temperatures from 300 ℃ to 500 ℃, where annealing time is still 1 
hour. The Cr/Zn and F/Zn ratios are fixed at 0.4 % and 55 % respectively. In general, by 
increasing the annealing temperature, the sheet resistance of codoped ZnO films 
decreases, since the grain boundaries and crystal deficiencies of the film decrease. As is 
seen in Figure 23, the sheet resistance reduces from 10.5 k/□ to 815.9 /□ which can be 
attributed to the increase in intrinsic donors with increasing the annealing temperature. 
These intrinsic donors are mainly ionized F. With further increase the annealing 
temperature, the sheet resistance increases which can be explained by the segregation of 
Cr components at the grain boundaries similar to the AZO. From the results, the 
optimized annealing temperature is 400 ℃. 
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Figure 23 Sheet resistance of Cr and F codoped ZnO annealed at various temperatures. 
6.5 Optical Properties of Cr:F:ZnO 
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Figure 24 Total transmittance spectra of Cr and F codoped ZnO films as a function of (a) 
Cr/Zn ratio in first solution with a fixed F/Zn ratio of 55 % in second solution. (b) F/Zn 
ratio in the second solution with a fixed Cr/Zn ratio of 0.4 %. 
From the transmittance spectra of the codoped sample in Figure 24, the total 
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transmittance of Cr and F codoped ZnO decrease with Cr/Zn ratio increasing in the 
starting solution. The effect of Cr concentration on the total transmittance of Cr and F 
doped ZnO is similar to F on F-doped ZnO, and the defects formed in the film which 
result from the introduction of Cr dopants might be responsible for it. As shown in Figure 
24 (b), the increase of F concentration in the starting solution doesn’t affect the total 
transmittance of codoped sample too much. Above all, a high average transmittance of 
above 85% is found for all Cr and F codoped ZnO samples, which makes it suitable for 
transparent film applications.  
6.6 Conclusions 
ZnO films codoped with Cr and F are fabricated via co-spray deposition. Contrast to 
Al and F codoped ZnO, Cr doping increases the sheet resistance of Cr and F codoped 
samples at all Cr concentrations examined. Obviously, Cr does not act as an electron 
donor in ZnO. It is suggested that the valence of Cr in the Zn site is Cr
2+
 rather than Cr
3+
 
which does not donate electrons. Besides, the optimized annealing temperature is 
400 ℃.Moreover, Cr and F codoped ZnO samples show good transmittance and the 
average transmittance is above 90% in the visible range. 
7. SPRAY DEPOSITION OF FE-F CODOPED ZNO 
7.1 Introduction 
For Fe-doped ZnO materials, some theoretical studies have been done which show 
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its ferromagnetic property at room temperature. Most of the researchers mainly 
investigate the ferromagnetic behavior of Fe-doped ZnO thin films. Like Cr, there is quite 
few reports regarding on the optical and electrical properties of Fe-doped ZnO. In this 
part, Singly Fe doped and Fe and F codoped ZnO thin films are investigated. Their 
morphological, structural, optical, and electrical properties are explored. 
7.2 Singly Fe-Doped ZnO 
7.2.1 Experimental Details 
Deposition of singly Fe-doped ZnO is also operated in the co-spray system. And for 
deposition of F-doped ZnO thin films, Zn(CH3COO)2 (Zn precursor) and FeCl3 (Fe 
precursor) were dissolved in a mixture of deionized water and ethanol in a volume ratio 
of 3:2. A few drops of acetic acid were added to stabilize the solution. In another solution, 
it only contains same mixture. The concentration of Zn(CH3COO)2 was fixed at 0.4 M. 
The two solutions were co-sprayed onto a preheated soda-lime glass substrate maintained 
at 500°C in air. Before deposition, the substrate was ultrasonically cleaned in deionized 
water, acetone, and deionized water sequentially. The deposition time was 2 min. 
Compressed air was used as the carrier gas and the atomization pressure was 30 psi. 
Post-deposition annealing was performed in a tube furnace at 400°C under 10
–3
 mbar for 
1 h for all the samples. 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
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Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
7.2.2 Effect of Fe on the Electrical Properties of Fe:ZnO 
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Figure 25 Sheet resistance of annealed Fe-doped ZnO film as a function of Fe/Zn 
ratio in the starting solution. 
Figure 25 is the plot of sheet resistance of annealed Fe-doped sample against 
Fe/ZnO ratio in the starting solution. From Figure 25, it can be observed that the sheet 
resistance decreased to a minimum of 11.2 k/□ for films deposited from a starting 
solution containing Fe/Zn ratio of 3 %. The sheet resistance then increases with the Fe 
concentration in the starting solution further increases. Same as Al, there exists a limit for 
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Fe doping in the ZnO lattice. When a small amount of Fe dopants is introduced into the 
ZnO, the ionize Fe
3+
 then substitutes for Zn
2+
 resulting in one free electrons. With more 
Zn atoms are replaced by Fe atoms, the carrier density increases which leads to lower 
sheet resistance. However, when continue to increase Fe concentration, the excess 
amount of Fe atoms cannot incorporate with ZnO due to its thermodynamic solubility 
limit, which trend to form Fe2O3 and segregate in the grain boundaries. The sheet 
resistance increases accordingly. From the results, Fe/Zn ratio of 3 % is the possible limit 
of thermodynamic solubility for Fe in ZnO lattice. Beyond that point, the sheet resistance 
of Fe-doped ZnO will not further decrease even the Fe concentration continues to 
increase. 
7.2.3 Effect of Fe on the Optical Properties of Fe:ZnO 
Figure 26 shows the optical transmittance of ZnO prepared on glass substrate for 
different Fe doping levels. With the Fe/Zn ratio in the starting solution increase from 1 to 
10 %, the total transmittance of Fe-doped ZnO decreases. When the Fe/Zn ratio reaches 
to 4 %, another absorption edge appears which indicates the existence of second phase. 
According to the discussion in the optical properties part, this new phase is Fe2O3. The 
total transmittance decreases beyond that point, which can be attributed to the increased 
scattering of photons by crystal defects caused by doping. When increasing the Fe/Zn 
ratio concentration with a quit small amount, as shown in Figure 26 (b), the total 
transmittance almost doesn’t change. 
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Figure 26 Transmittance of annealed Fe-doped ZnO films as a function of Fe/Zn ratio in 
the starting solutions. 
7.3 Fe and F Codoped ZnO 
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7.3.1 Experimental Details 
For deposition of Fe and F codoped ZnO thin films, FeCl3 was used as the Fe 
precursor which was dissolved with Zn(CH3COO)2, Zn precursor, in a mixture of 
deionized water and ethanol in a volume ratio of 3:2. A few drops of acetic acid were 
added to stabilize the solution. In another solution, NH4F (F precursor) was dissolved in 
the same mixture. The concentration of Zn(CH3COO)2 was still fixed at 0.4 M. The other 
parameters used were listed in Table 6. 
Table 6 Experimental parameters used for Al and F codoped ZnO deposition 
Deposition Temperature 500 ℃ 
Nozzle-to-substrate Distance 30 cm 
Liquid consumption rate 16 ml/min 
Atomization pressure 30 psi 
Deposition time 2 min 
Concentration of Zinc Acetate 0.4 M/L 
Ethanol/DI Water Ratio 2:3 
F/Zn Ratio 0-115 %  
Fe/Zn Ratio 1-10 % 
Vacuum Annealing Temperature 400 ℃ 
Annealing Time 1 hr 
Optical properties of samples were characterized using a JASCO V-670 UV/vis 
spectrophotometer with an integrating sphere. Electrical properties were measured with a 
Jandel RM3000 four-point probe. Structural properties were investigated with a 
Panalytical X’Pert Pro X-ray diffractometer (XRD) using the Cu K line. Film 
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morphology was examined with a Hitachi S-4700 field emission scanning electron 
microscope. Thickness was studied using a Bruker Dektak XT surface profilometer. 
7.3.2 Structure Properties of Fe:F:ZnO 
Figure 27 shows the XRD patterns of single F-doped ZnO, single Fe-doped ZnO, 
and ZnO thin film codoped with Fe and F. All films are polycrystalline and the 
corresponding x-ray diffraction peaks fit to hexagonal wurtzite structure of ZnO. Every 
diffraction peak can be marked and no other diffraction peak is detected, which 
demonstrates the obtained samples are ZnO. The XRD pattern of the codoped ZnO with 
the lowest sheet resistance is also given in the Figure. Besides, according to the XRD 
results, shown in Figure 27 (c), it is believed that the cationic Fe
3+
 substitutes Zn
2+
 ions 
and anionic F
-
 substitutes O
2-
 ions in the ZnO lattice. Moreover, this codoped sample 
shows a much clearer preferred (002) orientation compared to the other two single doped 
samples. According to the Scherrer equation, the grain size of the ZnO thin film codoped 
with Fe and F is about 16.7 nm. 
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Figure 27 XRD patterns of ZnO films deposited with different doping levels in the 
solutions. (a) Fe/Zn ratio: 0.4 %; (b) F/Zn ratio: 55 %; (c) Fe/ZnO ratio: 0.4 % and F/ZnO 
ratio: 55 %. 
Figure 28 is SEM image of the Fe-F codoped ZnO sample used in Figure 19 for the 
XRD analysis. From the surface morphology of the sample, it can be seen that the 
Fe:F:ZnO film shows continuous, uniform and granular surfaces. The grain size is quite 
small. The thickness of the films is ~0.6 μm, which was also confirmed by the 
profilometer. 
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Figure 28 SEM images of Fe and F codoped ZnO with fixed F/Zn ratio of 55 % and 
different Fe/Zn ratio of (a) 0.2 %; (b) 0.4 %; (c) 0.6 %; (d) 0.8 % in the starting solutions. 
7.3.3 Electrical properties of Fe:F:ZnO 
Figure 29 shows the effect of Fe/Zn ratio on the sheet resistance of Fe and F 
codoped ZnO films. The sheet resistance initially decreases with increasing Fe/ZnO ratio 
and then increases with further increase in Fe/Zn ratio. It is notable that the sheet 
resistances of codoped samples with Fe/Zn ratio below 1 % are lower than that of single 
F-doped ZnO sample. The codoped ZnO sample with the lowest sheet resistance, 196.2 
/□, is obtained at Fe/Zn ratio of 0.4 % and F/Zn ratio of 55 % in solution. From the 
XRD analysis in Figure 27, no other phase exists rather than ZnO in Fe and F codoped 
ZnO, so the initial decrease in the sheet resistance can be attributed to substitution Fe
3+
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into the Zn site. The existence of Fe
3+
 has been confirmed by Rambu et al.[127]. Beside, 
the anionic F
-
 substitutes O
2-
 ions in the ZnO lattice. This double doping effect enhances 
the carrier concentration in ZnO films resulting in a lower sheet resistance. When 
increasing further the Fe/Zn ratio in the starting solution to 1 %, Fe is more likely to form 
the oxides, which increases the sheet resistance sharply. The formation of the new second 
phase is also confirmed in the transmittance spectra in the later discussion. Regarding to 
the effect of F/Zn ratio on the electrical property of the ZnO thin films codoped with Fe 
and F, Figure 29(b) gives an illustrative diagram. From the diagram, it can be seen that 
sheet resistance of annealed sample decreases firstly with the increase of F/Zn ratio in the 
starting solution while it increases later as this ratio continues increasing. Because of the 
fixed Fe/Zn ratio in the solution, the change of the sheet resistance is mainly due to the 
increase of the F concentration. The formation of ZnF2 at high F/Zn ratio in the film will 
increase the sheet resistance of the sample greatly. Apparently, compared to the 
single-doped ZnO with either Fe or F, Fe and F codoped ZnO thin film has much lower 
sheet resistance. Again, similarly with the Al-F codoped ZnO sample, dopants Fe and F 
can also introduce the double doping effect to ZnO thin films which increases the carrier 
concentration and reduce the sheet resistance. 
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Figure 29 Sheet resistance of Fe and F codoped ZnO film after annealing as a function of 
(a) Fe/Zn ratio with a fixed F/Zn ratio of 55 % in the solution; (b) F/Zn ratio with a fixed 
Fe/Zn ratio of 0.4 % in the starting solution. 
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7.3.4 Optical Properties of Fe:F:ZnO 
When Fe/Zn ratio is above 1 % in the starting solution, the transmittance of the 
sample begins to reduce with the increase of this ratio, as shown in Figure 30(a). It can be 
clearly seen that when Fe/Zn increases to 4 %, another absorption edge appears which 
indicates there exists the second phase in the film. At the wavelength range from 600 nm 
to 800 nm, the transmittance doesn’t change too much with the increase of the Fe/Zn in 
the starting solution. It is possible because the large bandgap of the new oxides. Similarly, 
no significant difference is observed in the transmittance of the sample with Fe/Zn ratio 
changing from 0.2 to 1 %, as is shown in Figure 30 (b). As discussed above in the 
electrical properties part of the codoped sample, the Fe:F:ZnO sample with the lowest 
sheet resistance was deposited from the starting solution with Fe/Zn ratio of 0.4 %, we 
then fixed the Fe/Zn ratio in the solution at 0.4 % and investigated the effect of the F/Zn 
ratio on the transmittance of the codoped samples. Figure 30 (c) depicts the transmittance 
spectra change as a function of F/Zn ratio in the starting solution when the Fe/Zn ratio is 
fixed at 0.4 % in the other solution. From the picture, it can be seen that the transmittance 
of the codoped sample decreases with the increase of the F/Zn ratio. However, the 
average transmittance of the ZnO thin film codoped with Fe and F is above 85%. 
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Figure 30 Transmittance of annealed Fe and F co-doped ZnO films prepared from 
different solutions. (a) 1-10 % Fe/Zn ratio with fixed F/Zn ratio of 55 %; (b) 0.1 – 1.0 % 
Fe/Zn ratio with a fixed F/Zn ratio of 55 % ; (c) 5 – 105 % F with Al fixed at 0.6 %. 
7.4 Conclusions 
Codoped ZnO with Fe and F is successfully deposited by the co-spray technique. 
Compared to singly-doped ZnO with either Fe or F, Fe and F codoped ZnO resulted in 
much lower sheet resistance. It is believed that cationic Fe
3+
 substitutes the Zn
2+
 ions and 
the anionic F
1-
 substitutes O
2-
 ions in the ZnO crystal lattice. These double doping effects 
enhance the carrier concentration in ZnO films which lead to a lower sheet resistance. 
The average transmittance of codoped sample is around 90 % in the visible range. This 
indicates that our novel technique successfully synthesize Fe-F codoped ZnO films with 
lower sheet resistance compared to single doped one and high transmittance. 
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8. CONCLUSIONS 
A novel co-spray deposition technique is demonstrated, which is particularly suited 
for depositing incompatible materials in the same solution. A series of ZnO films codoped 
with two dopants are reported, where the two dopants are dissolved separately in two 
starting solutions and sprayed through two spray heads. The effects of dopant to zinc ratio 
in the starting solutions on the structural, electrical and optical properties of codoped ZnO 
are investigated. For ZnO codoped with Cr and F, Cr atoms do not act as donor and the 
sheet resistance increases with the increase of Cr/Zn ratio in the starting solution. 
However, both ZnO codoped with Al and F and ZnO codoped with Fe and F show double 
doping effect which results in much lower sheet resistance compared to ZnO doped with 
single dopant. Compared with Fe and F, ZnO codoped with Al and F results in lower 
sheet resistance. The sample with the lowest sheet resistance 55 /□ was obtained with 
the Al/Zn ratio of 0.6 % and the F/Zn of 55 % in the starting solutions respectively. This 
sheet resistance is lower than single-dopant ZnO films, either Al or F. The average 
transmittance for Al and F codoped ZnO films is above 80% in the visible range. Thus, 
this co-spray deposition technique provides a simple and cost-effective way to synthesize 
codoped TCOs with lower sheet resistance and high transmittance. 
9. FUTURE WORK 
9.1 Improvement of N-type Codoped ZnO 
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Although Al-F codoped ZnO with a low sheet resistance of 54 /□ has been 
successfully deposited by our novel co-spray technique, which is still too high to be used 
as a top contact TCO on solar cells. Moreover, according to the EDX results, the F/Zn 
ratio in the Al-F codoped ZnO thin film is only 0.51 %. Compared to the F/Zn ratio in the 
starting solution, it is clearly that the F concentration in the film is quite low. One 
possible reason is Zn-F bond is not stable at high temperature which makes nonbonding F 
atoms diffuse to grain boundaries or forms HF vapor. So it would be an alternative way 
worth trying to deposit the codoped ZnO films at lower temperature. Besides, in order to 
keep the surface temperature of the substrate constant during the process, a smaller liquid 
consumption rate is desirable. 
9.2 Spray deposition of p-type doped ZnO  
Not only n-type doped ZnO, p-type doped ZnO also attracts more and more attention 
due to its potential applications in short-wavelength light emitting devices. ZnO 
frequently shows natural n-type conductivity due to native donor defects which makes it 
easy to obtain high quality n-type ZnO. However, due to the low acceptor solubility, 
self-compensation effect by native defects and deep acceptor level, it is hard to obtain 
p-type doped ZnO. Still a lot of investigations theoretically or experimentally have been 
done. Yan et al. reported that at O-rich conditions p-type ZnO is preferred to fabricate 
because the formation energies for acceptor-killer defects, such as Zni and Vo are 
decreased and formed easily at O-poor conditions [128]. Some results were reported by 
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Vidya et al. [129]. For spray pyrolysis, ZnO films are deposited at atmospheric pressure, 
which involves less intrinsic defects such as oxygen vacancies than films deposited in 
vacuum environment. Thus, the spray pyrolysis is a suitable technique to deposit p-type 
doped ZnO. N is considered as a good candidate of p-type dopant because of it has a 
abound reservation in nature. However, as the solubility of N in ZnO is low, the hole 
concentration will be low as well. In order to get high conducting p-type ZnO, Yamamot 
et al. suggested a codoping method. They believe that except for the acceptor, the 
introduction of acceptor will enhance the incorporation of acceptor, lowing the acceptor 
levels and raising the donor levels [130]. 
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